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We report the results of a search for particles with electric charge Q = —', e produced in e+e
annihilations at 8'=10.5 GeV. The ratio of the cross section for the inclusive production of frac-
tionally charged particles (q) to the dimuon point cross section, Rv =cr(e e —qX)/
cr(e+e p+p ), is found to have an upper limit at 90% confidence level of 1.0&10 for
masses less than 3.5 GeV/c .
In the standard model of electroweak interactions the
fundamental objects are quarks and leptons. Mesons con-
tain quark-antiquark (qq ) pairs and baryons contain
three quarks (qqq) or three antiquarks (qqq). The
(anti)quarks have electric charges ( —)+ —', e and (+)
—
3 e and account for the observed hadron charges. It is
believed that quarks are confined within the hadrons; how-
ever, the standard model of strong interactions, quantum
chromodynamics, contains no rigorous proof of this hy-
pothesis. Observation of particles with charge 3 e or 3 e
could be evidence for the existence of unbound (free)
quarks or new stable forms of matter (e.g. , qq) and would
challenge our ideas of quark confinement. Many ac-
celerator searches for free quarks have been made' and
no evidence for their existence has been found.
Below, we report the results of a search for particles
with charge 3 e produced in e+e annihilations at a
center-of-mass energy of 10.5 GeV using the CLEO
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detector at the Cornell Electron Storage Ring (CESR).
We looked for evidence of fractional charge using mea-
surements of the ionization along the tracks left by
charged particles. The energy loss due to ionization per
unit distance traveled, dE/dx, for a particle of velocity P
and electric charge Q may be described by the relationdE, V(P)
dx p2
The minimum energy loss (dE/dx); for a particle with
unit electric charge is approximately independent of parti-
cle mass. Thus, a track whose measured dE/dx is much
less than (dE/dx); has the distinctive signature of a
fractionally charged particle.
The CLEO detector has been described elsewhere.
Here, we summarize the features that are important to
this analysis. Charged-particle tracks were reconstructed
using information from a cylindrical drift chamber which
is immersed in a 1-T magnetic field. The drift chamber is
composed of two detectors: a 10-layer vertex detector and
a 51-layer main drift chamber. The vertex detector is
operated with a (50-50)% mixture of argon-ethane at
1.4-atm pressure, and the main drift chamber is operated
with the same gas mixture at 1-atm pressure. Both detec-
tors are instrumented to make measurements of track
coordinates and energy loss in every layer. The average
dE/dx for a track is calculated separately in the vertex
detector and the drift chamber using the lower 50% of the
energy-loss measurements for that track in each device.
The detectors are calibrated using Bhabha-scattering
events. The vertex detector has a dE/dx resolution
rJ(dE/dx )/(dE/dx ) -0.14,
and the main drift chamber has a dE/dx resolution
a (dE/dx )l(dEl dx) 0.065 .
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The momentum resolution o~ for charged particles using
both chambers is
o~/p = [(0.007) + (0.0023p) }'/ (p in GeV/c) .
The apparent (reconstructed) momentum p, of a track
with charge Q is related to the true momentum p by
p =Qp'
We looked for fractionally charged particles in both ex-
clusive two-body events, e+e qq, and inclusively in
multihadron events, e+e qA'. Events were selected
for analysis if they passed our standard criteria for two-
prong or hadronic events.
The data sample used for the inclusive search consisted
of 213 pb ' taken at the Y(4S) energy and 101 pb ' of
data taken at energies below the Y(4S). Tracks were re-
garded as candidates for fractionally charged particles if
the energy loss was within 3o of the minimum energy loss
expected for charge —', e tracks. To ensure good dE/dx
resolution in both chambers, each track was required to
have at least 7 samples of dE/dx in the vertex detector,
and at least 30 samples in the main drift chamber. In ad-
dition, we demanded that the angle 8 between tracks and
the beam direction satisfy (cos8( &0.7. The measured
dE/dx for tracks in the vertex detector is shown in Fig.
FIG. I. Truncated mean of the ionization loss of tracks in (a)
the vertex detector and (b) the drift chamber vs the apparent
measured momentum, p, .
1(a) and for the main drift chamber in Fig. 1(b).
Separate bands corresponding to pions, kaons, and protons
are clearly visible.
In Fig. 2 we show the measured dE/dx in the drift
chamber relative to minimum-ionizing energy loss for
each track in our hadronic data sample: a total of
3.1 x 106 tracks. Only one candidate for a charge —', e par-
ticle was observed in our hadronic-event sample. This is
consistent with what is expected from statistical Auctua-
tions in the dE/dx measurements of singly charged parti-
cles. In addition, no evidence of correlation between very
low measurements of dE/dx in the drift chamber and
very low measurements of dE/dx in the vertex detector
was observed.
We also searched for evidence of exclusive production
of fractionally charged particles. For this part of our
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FIG. 2. From the hadronic data sample, the distribution of
the truncated means of the pulse heights of tracks as measured
in the drift chamber relative to the minimum-ionizing pulse
height. The region of selection for quark candidates, ( 9
+ 3a)dF. /dx .;is shown as the , hatched region.
FIG. 3. Upper limits at 90% confidence level of the cross sec-
tion for the production of charge Q 3 e particles relative to the
dimuon point cross section from the inclusive search assuming
t~o diff'erent models for the quark momentum spectrum: Model
I and model II (see text). Also shown is the upper limit from
the search for the exclusive production of pairs of fractionally
charged particles.
analysis we used a subset of the data from which the ha-
dronic data were selected. The data sample consisted of
153 pb ' of data taken at the Y(4S) energy and 68 pb
taken at energies below the Y(4S). The selection criteria
for candidates were the same as those used for the in-
clusive search. Both tracks in the event were required to
pass the dE/dx cuts. In addition, so that the event be
consistent with the hypothesis of exclusive two-body pro-
duction, the angle between the two tracks is required to be
greater than 175'. After these cuts, none of the candidate
two-prong events remained.
The efficiency eg(e+e qX) for detecting a frac-
tionally charged particle of charge Q and mass m in an
hadronic event is model dependent and is given by
eg (e +e q~) „Dq(p) eg(p) dpi Dq (p)dp,
where p,.„(Eb„—mq ) . The efliciency of detecting
a charged particle at momentum p, eg(p), is estimated
using a Monte Carlo simulation. The momentum spec-
trum Dq(p) of the fractionally charged particles is model
dependent. We have computed the efficiency for two
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FIG. 4. Upper limit at 90% confidence level of the cross section for the production of charge Q —, e particles from the inclusive
and exclusive searches combined in (a) model I; (b) model II. Also shown are the limits set from other experiments.
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diA'erent assumptions about the form of D~:
Model I, Dq(p) ~p /[(p +m~)]'i;
2
Model II, Dv(p) cs: exp( —3.5E) (E in GeV) .
The efficiency eg(e+e qq) for reconstructing and
selecting the events, e+e qq, was determined by a
Monte Carlo simulation of the production and passage
through the detector, of a pair of particles with charge
~ Q ~ = —,' e as a function of mass mz. The angular distri-
bution of the qq pair was assumed to be (1+cos 8). The
trigger efficiency for pairs of charge —,' e particles was es-
timated (by a study of the pulse-height distributions of
muons in our trigger counters) to be 98% of that for
e+e —p+p
The upper limit at 90% confidence level on the cross
section for inclusive production, as a function of quark
mass, was computed for models I and II. The results are
shown in Fig. 3. The cross sections are presented as a ra-
tio R~, relative to the dimuon point cross section
rr(e+e p+p ). Also shown in Fig. 3 is the upper
limit (at 90% confidence level) that we place on the ex-
clusive production of fractionally charged particles as a
function of m~. In Figs. 4(a) and (b) we have combined
the results from both methods (by choosing the lower of
the two limits) for each model in order to compare with
results from other experiments. For particles of charge
—,
' e and masses (3.5 GeV/c we set an upper limit (at
90% C.L.) of Rv ( 1 X 10 . The upper limit rises rapidly
above mv 3.5 GeV/c due to the increase in dE/dx as P
decreases.
In summary, we observed no candidates for free quarks
of charge —', e. Our limits are significantly lower than pre-
viously existing limits for quarks of mass less than 3.5
GeV/c .
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It was assumed that fractionally charged particles would not
shower in the outer detector. If showering were to occur, then
due to our event selection procedures, the upper limit for ex-
clusive qq production should be 5 times higher.
